The availability of the amino-acid sequences of a number of mitochondrial and bacterial NADH:ubiquinone oxidoreduc-Ž
Introduction
Bovine-heart mitochondrial NADH:ubiquinone ox-Ž . idoreductase E.C. 1.6.5.3; Complex I catalyses electron transfer from NADH to ubiquinone and couples this to the translocation of protons across the mito-Ž w x. chondrial inner membrane for reviews see: 1-4 . It has been known for 25 years that FMN and at least 4 different EPR-detectable iron-sulfur clusters are pre-sent in the Bos taurus enzyme. One of the Fe-S clusters, called 1b, is a binuclear cluster, while the Ž clusters 2, 3 and 4 are tetranuclear for reviews see w x 5,6 ; note that these clusters are also referred to in . literature as N-1b, N-2, N-4 and N-3, respectively . EPR signals of two more clusters have been described. A binuclear cluster, called N-1a, has been w x reported by Ohnishi and coworkers 7 . A cluster called N-5 has been observed in the bovine-heart enzyme by several groups. Due to its relaxation properties it is supposed to be a tetranuclear cluster. Its EPR signal indicates that it is present only in low w x concentrations 5,8 . It has not been observed in w x submitochondrial particles from Candida utilis 8 w x and in plant mitochondria 9 , so it is questionable whether this is a genuine component of Complex I w x 6 .
Most groups working in the field of Complex I assume that the minimal functional unit of the enzyme contains one FMN and one of the Fe-S clusters 1a, 1b, 2, 3 and 4. Early on it was found in this w x laboratory 8,10 that the spin concentration of cluster 1b in the bovine-heart enzyme was half that of cluster 2, indicating that the minimal unit of the enzyme has to contain two clusters 2. The measured concentrations of FMN and the Fe-S clusters have been disw x cussed previously 6 . Except for cluster 1b, there is agreement that the clusters 2, 3 and 4 are present in the same concentration as FMN. Over the last 10 w x years additional studies from this laboratory [11] [12] [13] [14] [15] consistently reinforced the idea, that the minimal functional unit of Complex I must contain two FMN groups, two of the Fe-S clusters 2, 3 and 4 and only one cluster 1b. Under the tacit assumption that each individual cluster was present in a separate subunit, a w x dimeric model for Complex I was proposed 14,16 . During the last six years the knowledge on the protein part of NADH:ubiquinone oxidoreductase has dramatically improved. Virtually all of the 43 subunits of the complex from bovine-heart mitochondria Ž w x. molecular mass 907000 1,2,17 and most of the subunits of the mitchondrial enzyme from the fungus w x Neurospora crassa 3,4,18 have been sequenced. Elegant electron-microscopy studies with two-dimensional membrane crystals of N. crassa Complex I w x 19,20 clearly showed that the enzyme extends across the mitochondrial inner membrane and protrudes exw x tensively from the surface into the matrix space 4 . NADH:ubiquinone oxidoreductases with a considerably simpler subunit composition have been recogw x nized in several bacteria [21] [22] [23] [24] . The amino-acid sequences of the subunits of all these enzymes indicate that some subunits contain two or even three Fe-S clusters. This requires a re-evaluation of previous experimental results. Also the sequence similarity of five of the subunits of Complex I with those of w x w x w x NiFe -and Fe hydrogenases 25, 26 , as well as the w x w x first 3D-structure of a NiFe hydrogenase 27 , has aided us to better understand the possible function of the several subunits. We propose here a new model for the functional unit of Complex I. The model can explain most of the experimental results, as well as Table 1 The essential subunits of proton-pumping NADH:ubiquinone oxidoreductases and their homologues in hydrogenases ND1  H  8  8  --ND2  N  14  14  --ND3  A  7  1  --ND4  M  13  13  --ND4L  K  11  11  --ND5  L  12  12  --ND6  J  10  10  --75 kDa  G  3  7  U  D  51 kDa  F  1  6  F  C  49 kDa  D  4  4  H  -30 kDa  C  5  3  --24 kDa  E  2  5  F  A  TYKY  I  9  9  --PSST  B  6 Seven of its polypeptides are homologous to the seven ND-subunits of the mitochondrial enzymes w x 23 . Among the remaining seven polypeptides, homologues of all the potentially Fe-S-containing subunits of the mitochondrial enzymes can be found, except for the PGIV subunit, which is absent in the E. coli enzyme. A summary of these data is given in Table 1 . In this table also homologous subunits of two hydrogenases are mentioned, but these will be discussed later in this article.
Main arguments for the previous dimeric model of B. taurus Complex I

The concentration of cluster 1b
The concentration of this cluster has long been Ž . and still is a point of controversy in the field. Although other groups reported values of 0.8-0.9 w x cluster 1b per FMN 7,30-32 , our group found 0.4 w x cluster 1b per FMN in purified Complex I 8 and 0.50 " 0.05 cluster 1b per cluster 2 in subumitochonw x drial particles 10 . More recently we demonstrated that direct double integration of experimental EPR spectra of this cluster, as commonly used by other workers, results in a considerable overestimation of w x the cluster 1b concentration 15 . Comparison with a computer-simulated line shape results in a cluster 1b concentration in isolated bovine-heart Complex I of w x 0.5 per cluster 2 15 . This necessitates a minimal functional unit with two FMN groups, and two of each of the clusters 2, 3 and 4.
Complex I contains two populations of cluster 2 ( ) and of the clusters 3 and 4 which are not in redox equilibrium
Extensive steady-state and pre-steady-state kinetic studies of the reaction of submitochondrial particles w x with NADPH in this laboratory 11-13 have made it clear that cluster 1b and 50% of the clusters 2, 3 and 4 cannot be reduced by NADPH at pH values greater than 7.5. The remaining clusters, 50% of the clusters 2, 3 and 4, are reduced within 50 ms. At pH ) 7.5 there is virtually no oxygen uptake in the presence of excess NADPH. These experiments demonstrate that Ž there must be two populations a and b, a defined here as the type of clusters reducible by NADPH at . pH 8 of each of the clusters 2, 3 and 4 which are not in redox equilibrium at this pH. The population of reduced a-clusters cannot transfer electrons to ubiquinone. At pH 6, however, there is overall electron transfer from NADPH to oxygen. It was shown that at this pH all of the clusters 2 and 4, and about half of the clusters 3 can be reduced within 50 ms by NADPH in the presence of rotenone, or in the abw x sence of ubiquinone 13 . Without inhibiting conditions, reoxidation of 50% of the clusters 2 and 4 is faster than their reduction by NADPH at pH 6, resulting in a steady-state level of reduction of 50%. Even at pH 6, reduction of cluster 1b remains slow and far from complete. Hence it was concluded that w x always respond in the same way in kinetic experiments 11-15 they are put closely together. With NADPH and at pH -7.5, electron transfer from the clusters 4ar2a to 4br2b is possible, but cluster 1b is hardly reduced.
( )cluster 1b is not involved in the oxidation of NADPH. A pH-dependent internal electron-transfer step was proposed, which would allow reduction of the clusters 2b and 4b at pH -7.5. Only under these conditions reduction of ubiquinone can take place. The experiments also suggested the presence of two different sites for reaction with NADH, only one of which is accessible for NADPH. This led to a dimeric model for the functional unit of Complex I. For the sake of discussion the model is reproduced in Fig. 1. 
There are two piericidin-binding sites and both clusters 2 are required for reduction of ubiquinone
After reduction with NADPH at pH 8, the inhibitor piericidine A exclusively binds to one particular site Ž . near the reduced cluster 2a in the functional unit of Complex I in submitochondrial particles. Strong binding occurs only when cluster 2 is reduced and w x ubiquinone is present 14 . When bound to this site, this one molecule of piericidin per two clusters 2 completely prevents the initial oxidation of NADH w x added subsequently 14 . In time, however, the rate of oxidation of NADH increases to a value of 50% of the uninhibited rate, due to strong cooperative binding of two piericidin molecules to one functional Ž . enzyme unit in which both clusters 2 are reduced . Without the pre-reduction with NADPH, two molecules of the inhibitor per two clusters 2 are required for complete inhibition of NADH oxidation. If the prereduction with NADPH is performed at pH Ž . 6 and both clusters 2 can be reduced , then likewise two inhibitor molecules per two clusters 2 are required for complete inhibition. These experiments also demonstrate that the minimal functional unit of Complex I contains two clusters 2. At the same time they indicate that the clusters of both populations a and b are required for the reduction of ubiquinone Ž . during the oxidation of NAD P H. The active site is proposed to be a special cluster Ž . H-cluster or hydrogen-activating cluster involving w x w x 4-7 Fe atoms 38,39 . Recent FTIR studies 36 suggest, however, an architecture with similarities to w x the bimetallic active site of NiFe hydrogenases.
Subunits from
The 51 kDa and the 24 kDa subunits of B. taurus Complex I
More than a decade ago it has been demonstrated w x already that a 2Fe-2S cluster, then believed to be w x cluster 1b, is bound to the 24 kDa subunit 7,40,41 . This was accomplished by resolving the bovine-heart Complex I with chaotropic agents into several subcomplexes. The amino-acid sequence revealed that Ž . the 24 kDa subunit mass 23814 indeed has a Cys- . HoxU and d HoxY ; the ag-dimer is an NADH dehydrogenase, whereas the bd-dimer is a true w x NiFe hydrogenase. The a-subunit looks like a fusion product of the 24 kDa subunit and the 51 kDa subunit of bovine Complex I. Although this similarity suggests the presence of a 4Fe cluster and a 2Fe cluster in the a subunit of A. eutrophus hydrogenase, the presence of a binuclear cluster is uncertain, since two of the conserved cysteines in the 24 kDa subunit of Complex I are missing in the similar part of the A. w x eutrophus subunit 46 , which only contains 2 Cys w x residues in total. Yet, an EPR signal of a 2Fe-2S cluster is observed in the reduced A. eutrophus hyw x drogenase 52 . We assume that this stems from the Ž . HoxU subunit see later . The third sequence similarity concerns part of the 75 kDa subunit with the g subunit of the A. eutrophus hydrogenase and is discussed below. More recently the genes encoding q w x an NADP -reducing Fe hydrogenase in DesulfoÕib-rio fructosoÕorans have been cloned and sequenced w x 53 . The hnd operon encodes for four polypeptides, of which HndA shows strong similarity to the 24 kDa subunit of bovine-heart Complex I and HndC with the 51 kDa subunit.
The 75 kDa subunit of B. taurus Complex I
w x One or two motifs for 4Fe-4S clusters, and one w x 2Fe-2S cluster-binding motif were recognized in the Ž . w x 75 kDa subunit molecular mass 76960 54 . Yagi w x and coworkers 55 have cloned and overexpressed the 66 kDa subunit of P. denitrificans, a homologue of the bovine 75 kDa subunit, in E. coli and found that the purified protein contained at least a cubane cluster and a binuclear one. They suggested that the Ž . clusters might be the clusters 3 N-4 and 1b, respectively. The sequence of the first 240 amino acids of the 75 kDa subunit of Complex I is similar to the g-subunit of A. eutrophus NAD q -reducing hydrogew x nase 46 . As we will describe below, both subunits also show a strong similarity to part of the sequence w x of a subunit of Fe hydrogenases, namely the one harbouring the active site.
At present, the DNA-derived amino-acid se- We have further inspected these similarities. In Fig. 2 the relevant N-terminal . clusters to distinguish them from the H-cluster, which has quite different properties. The latter cluster is supposed to be bound to the C-terminal part of the polypeptides. The remaining two Fe-S clusters detected in the C. pasteurianum hydrogenase-I, were initially assumed to be cubane clusters. They were called F X -clusters because their physical properties w x deviated from those of classical cubane clusters 67 . Note that only one of the N-terminal Cys-residue patterns, the CxxCxxxxxC motif, is reminiscent to w x that of a cubane cluster. Adams and coworkers 68 have later re-examined the Fe-S clusters in the w x Ž Fe hydrogenases from C. pasteurianum hydro-. genase-I , Thermatoga maritima and D. Õulgaris with Resonance-Raman spectroscopy. It was concluded that in the C. pasteurianum and T. maritima enzymes one of the two extra clusters, the ones that are absent w x in the D. Õulgaris enzyme, is a 2Fe-2S cluster. In the C. pasteurianum enzyme this cluster has rather Ž unusual properties e.g., its EPR spectrum cannot be . observed at 60 K .
When inspecting Fig. 2 it looks as if the majority of the Cys motifs present in the N-terminal part of w x five of the Fe hydrogenases subunits have been used during the evolution to form the g subunit of the diaphorase part of the A. eutrophus H :NAD 
to a chemical reaction. As we favour the w x presence of cluster 1b in the 24 kDa subunit 45 , we assign cluster 1a to the 75 kDa subunit.
Two different clusters 3 in the 75 kDa subunit
In the following we present new evidence for the existence of two clusters 3 with different EPR properw x ties. In view of the results of Yano et al. 55 , we propose that both clusters are present in the 75 kDa subunit. Simulations of the overall EPR line shape of reduced Complex I at 17 K showed best fits when the concentration of cluster 4 was equal to that of cluster 2, and the concentration of cluster 3 was somewhat w x lower than that of cluster 2 8 . We have never Ž understood the reason for these low numbers but see . below .
The EPR spectrum of the clusters 3 has more unusual properties. Clusters 3 and 4 both show a fast spin-lattice relaxtion at X-band. Therefore the clusters are usually monitored at temperatures between 8 and 14 K. The temperature dependencies and the power-saturation properties of the EPR signals of the clusters 3 and 4 are similar in region 8-20 K. At 4.2 K, however, the EPR transitions of the clusters 4 can be saturated virtually completely, whereas those of the clusters 3 seem much less affected. This is illustrated in Fig. 3A To further test this hypothesis, detailed temperature-dependencies of the EPR signals of purified Complex I reduced with NADH were studied. For a non-interacting S s 1r2 system the amplitude of a line, normalized for power, gain and temperature, Ž should be constant from 4.2 K the lowest tempera-. ture in our cryostat upwards to a temperature where relaxation starts broadening the line. In Fig. 5 the temperature dependence of the amplitude of the g s From Fig. 5A it is clear that the temperature dependence of the clusters 3 does not give a horizontal line. Instead, the amplitude at g s 2.10 seems to receive contributions from two species with different relaxation properties. The more rapidly-relaxing cluster is only sharpening optimally below 7 K. When a high power is used at this temperature, then the signal of the 'normal' cluster 3, the one that saturates Ž . already at y20 dB at 14 K Fig. 3 , is largely saturated. Above 7 K the signal of the rapidly-relaxing cluster starts to broaden resulting in a decrease of the normalized amplitude of the 2.10 line.
In several of the EPR spectra recorded for Fig. 5 Ž . non-saturating conditions the total concentration of the clusters 3 was determined using the low-field half w x of the 2.10 line as described earlier 6 . At 6 K the concentration of the clusters 3 relative to that of the clusters 2 was 0.99, at 8 K it was 0.93 and at 14 K it was 0.74. We ascribe the decrease as due to line broadening of the rapidly-relaxing cluster 3 whereby the line disappears in the noise.
This behaviour explains why our earlier quantification of the clusters 3 at 14 K always resulted in too low a concentration. It also explains why during our w x pre-steady state kinetic measurements 11-13 the clusters 3 were apparently never fully reacting: due to limited signal-to-noise ratio, inherent to the freezequench experimental set-up, we were forced to measure line amplitudes at 8-14 K.
In retrospect, the present proposal confirms and explains the titrations of Complex I with NADH as reported by Beinert and coworkers more than 20 w x years ago 30,31 . 27 shows that the w x Cys residues are ligands to a 4Fe-4S cluster close to Ž . the active site the 'proximal' cluster , which is deeply buried in the enzyme. As the first Cys residue in the hydrogenase sequence is replaced by a Leu or Thr residue in the PSST-like subunits, the possibility w x of a 3Fe-4S cluster must be considered. We have never observed, however, any EPR signals in oxidized preparations of Complex I, ruling out the presw x 3 q w x q ence of a 4Fe-4S or 3Fe-4S cluster. It should be noted that all PSST-like subunits do have an extra Cys residue preceding the second Cys residue in the hydrogenase motif.
It is worthwhile mentioning that Volbeda et al. w x 27 noted that the first 170 amino acids of the small subunit of the D. gigas hydrogenase form a structure Ž . homologous to that of short-chain flavodoxins, a group of electron-transfer proteins containing FMN. Volbeda et al. suggested that there might be an evolutionary relationship between the two proteins. It is precisely this part of the small subunit of D. gigas hydrogenase that shows sequence similarity with the PSST subunit.
The 49 kDa subunit of B. taurus Complex I w x
The 49 kDa subunit 72 , and the homologous w x subunits in other Complex I enzymes 51 , contain parts of strictly-conservative amino-acid sequence w x motifs of the large subunit of NiFe hydrogenases, w x e.g. an RGxEx R motif in the N-terminal region 25 16 and even remnants of two other motifs, e.g. an APxG sequence and a strictly-conserved Asp residue eight w x residues from the C-terminus 25,26 . This similarity might be a coincidence, since the overall sequence similarity is very low. Yet, the presence of the 49 kDarPSST couple, both having sequence similarities w x with NiFe hydrogenases, suggests to us that the 49 kDa subunit indeed might have an evolutionary relaw x tionship to the large subunit of NiFe hydrogenases. . w x N-terminal amino-acid residues; mass 20196 73 . Assuming the presence of one cluster 2 per Complex w x I, Dupuis et al. 73 suggested already that one of the Cys motifs in this subunit might bind cluster 2. In view of the information presented above, we propose that the TYKY subunit contains both the clusters 2.
The sequence similarities between five subunits of Complex I with those of hydrogenases suggests that Ž . all Fe-S clusters involved 1a, 1b, 3 and 4 are functioning in normal electron transfer. This then leads us to a conclusion about the possible function of the TYKY subunit. We propose that this subunit has an important role in activities not present in hydrogenases, namely the reduction of ubiquinone coupled to the pumping of protons. This proposal is w x in line with reports from the seventies 74 , that the occurrence of Site-I phosphorylation in C. utilis goes hand in hand with the occurrence of the EPR signal of cluster 2 and with the piericidin sensitivity of Complex I. w x We recently found 75 , that in tightly-coupled submitochondrial particles the clusters 2 show some remarkable changes in their EPR spectrum during steady-state electron-transfer, only when energy dissipation is rate limiting. Within 30 ms after mixing such particles with NADH, the g line of the EPR z signal of the clusters 2, but not its g line, shows a x y w x 2.8 mT splitting 75,76 . This effect is sensitive to uncouplers and is also reversed upon anaerobiosis. We believe that we have detected an 'energized' form of Complex I, in which the protein structure in or near to the TYKY subunit has changed, enabling the two clusters 2 to engage in an exchange coupling w x 77 . In uncoupled particles, or upon anaerobiosis, no such magnetic interaction can be observed.
Common building blocks in Complex I and several hydrogenases
The sequence similarity of the PSST, 24, 49, 51
Ž . q and 75 kDa subunits of Complex I with NAD P -reducing hydrogenases allows a modular comparison of the relevant enzymes as depicted in Fig. 6 . 
The NADH-dehydrogenase unit
For the dehydrogenation of NADH and the oxidation of the hydride, FMN and cluster 4 in the 51 kDa Ž subunit or the homologous subunits in the hydroge-. w x nases are necessary. Therefore cluster 4, a 4Fe-4S cluster, is assumed to be involved in the first step of electron transfer. The FMN-binding subunit of the D. fructosoÕorans enzyme contains two extra cubanes.
Ž w x The 24 kDa subunit containing a 2Fe-2S cluster, . here proposed to be 1b and the 75 kDa subunit Ž carrying two 4Fe clusters and one 2Fe cluster, here . proposed to be the clusters 3 and 1a, respectively form two modules concerned with electron transfer only. These NADH-oxidation and electron-transfer ( )modules form a fairly conservative unit in all three enzymes in Fig. 6 .
The second enzyme unit in the NADH:acceptor oxidoreductase systems
The NADH-dehydrogenase unit is coupled to another enzyme unit which has a completely different composition in the three enzymes displayed in Fig. 6 . In the NAD q -reducing hydrogenase from A. eutrophus, this unit is the minimal protein machinery of a w x Ž NiFe hydrogenase compare with the enzyme unit of . q the D. gigas hydrogenase . In the NADP -reducing w x hydrogenase from D. fructosoÕorans 53 , this unit w x contains the H-cluster of Fe hydrogenases. In Complex I this additional enzyme unit is capable of reduction of ubiquinone with the simultaneous pumping of two protons per electron. This unit is proposed to contain the 49 kDarPSST subunit couple plus the Ž . 23 kDa TYKY subunit carrying both clusters 2 . It Ž . also requires not shown subunits rendering Complex I to bind and stabilize two semiquinone radicals w x 77 , to specifically bind two molecules of the inw x hibitor piericidine at two different sites 14 and Ž . subunits the mitochondrially-encoded ones to correctly position and assemble this proton-pumping unit into the mitochondrial membrane.
In the NAD q -reducing hydrogenase from A. eu-Ž . trophus the small HoxY hydrogen subunit only Ž posesses the 'proximal' cubane cluster proximal to . the Ni-Fe active site and misses the protein part w x where in the D. gigas enzyme a 3Fe-4S cluster and a second cubane cluster are bound. In the D. gigas hydrogenase these clusters are believed to form an essential part of the electron-transfer pathway from Ž . the active site to artificial electron acceptors on the w x outside of the enzyme molecule 27 . The comparison suggests that in the A. eutrophus enzyme part of the Ž . surface of the large HoxH subunit, which is covered in the D. gigas enzyme by the extra C-terminal w x protein extension of its small subunit 27 , is not Ž . covered by the HoxY subunit Fig. 6 . It is proposed, therefore, that part of the HoxU subunit, a homologue to the 75 kDa Complex I subunit, replaces the function of the missing part of the 'small hydrogenase subunit' and binds to both the HoxH and HoxY subunits in order to enable rapid electron transfer.
A similar situation might apply to Complex I. As with the HoxY subunit of the A. eutrophus hydrogenase, the PSST subunit of Complex I, which has about the same size, has only the N-terminal part in common with the small subunit of D. gigas hydrogenase. In analogy with the A. eutrophus hydrogenase, it is therefore possible that in Complex I the 75 kDa subunit is binding to both the 49 kDa subunit and the PSST unit. This is schematically depicted in Fig. 6 . This raises the unsettled question whether there is any redox group present in the 49 kDarPSST couple. In looking at Fig. 6 one wonders why so many different Fe-S clusters are required in Complex I. This immediately leads to the even more puzzling question why so many Fe-S clusters are required in Ž . q the NAD P -reducing hydrogenases for the simple transfer of electrons between the Ni-Fe active site and FMN, which differ less than 100 mV in redox potential. . taurus enzyme , which show similarities to the essenw x w x tial protein parts of NiFe hydrogenases 25,26 . What might this tell us? The crystal structure of D. gigas w x w x NiFe hydrogenase 27 showed the active site to be deeply buried in the protein. Therefore Volbeda et al. w x 27 pointed out that there has to be an efficient proton-transfer pathway in the enzyme to provide the active site with protons during hydrogen-evolution activity or to rapidly remove protons from the heart of the protein during hydrogen uptake activity. This proton-transfer path belongs to one of the oldest in Biology. w x Volbeda et al. 27 also noted that the contact w x surface between the two subunits in the NiFe hydro-Ž genase was remarkably large this is schematically . depicted in Fig. 6 , suggesting a tight binding of the two. We postulate that the 49 kDarPSST subunit couple in Complex I forms a tight complex harbouring an ancient proton-transfer pathway relevant for the mechanism of action of Complex I. As noted above, this also suggests the presence of a redox centre within this couple. 
From a dimeric model towards a monomeric one
The dimeric model of Complex I was based on the assumption that each subunit could carry only one iron-sulfur cluster. This is no longer correct and Ž . already led to the much simpler monomeric modular representation of Complex I in Fig. 6 . In order to also accommodate the kinetic results and the information on the relative concentrations of the prosthetic groups, we have composed Fig. 7 as our present working model. From a kinetic point of view the model is the same as the previous dimeric model Ž . Fig. 1 . To explain the stoichiometry of the FMN and the clusters 4 relative to the other Fe-S clusters, the 51 kDa subunit has to be present twice. This varies with a reported stoichiometry of some of the subunits of flavoprotein fragments and Fe-S-protein w x fragments prepared from Complex I 78 . This discrepancy needs further attention.
In Table 2 data on the number of iron atoms and total spin concentrations resulting from the model in Fig. 7 are given. Assuming that the PSST subunit holds a 4Fe cluster, the model accounts for 16 Fe atoms per FMN. This is in agreement with the value of 16 Fe atoms per FMN mentioned in the last report w x on this topic by Kowal et al. 32 . These workers already discussed, that the often published values of up to 22 Fe per FMN are quite likely too high, due to impurities or sometimes also to partial loss of FMN during purification.
As NADH does not reduce cluster 1a, and if the PSST subunit gives no contribution to the EPR spectra, then 3.5 unpaired spins per Complex I molecule may be expected in the NADH-reduced enzyme. We Ž have determined the actual spin concentration at 4.5 K and a non-saturating microwave power of 0. 26 . mW in various preparations of isolated Complex I to be 3.4-3.7 times the concentration of the combined clusters 2, using the Bruker ECS-106 EPR machine. This is in quite good agreement with the model presented here.
We anticipate that a comparative study of pointw x mutated forms of Complex I, NiFe hydrogenases and w x Fe hydrogenases will give valuable information on the precise function of the several Fe-S clusters and subunits in Complex I. 
Possible releÕance of a dual electron-transfer pathway in Complex I
An intriguing question that remains is why Complex I is also capable of the rapid oxidation of NADPH, even when electrons can not be passed on to ubiquinone and the other complexes of the respiratory chain at pH values in excess of 7.5. One possibility comes to mind. It has been discovered that Complex I from bovine heart contains an acyl-carrier w x protein 79 . A closely homologous polypeptide was w x found in N. crassa Complex I 80 . It has been w x demonstrated 81,82 that in N. crassa this acyl-carrier protein is involved in a novel cerulenin-sensitive pathway for the synthesis of fatty acids in mitochondria. This pathway functions independently from the fatty-acid synthesis in the cytoplasm. Deletion of the Nuo9.6 gene, encoding for this subunit, prevents assembly of Complex I in N. crassa mitochondria w x 82 , whereas the other electron-transfer complexes are present in normal concentrations. Hence the protein is suggested to be specifically involved in the biosynthesis of fatty acids required for stabilization of Complex I. We speculate here that reducing equivalents required for this synthesis might be provided at the correct position by that part of Complex I which can be reduced by NADPH at pH ) 7.5 and is not oxidized by ubiquinone.
